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ABSTRACT

Injection cooled screw compressors do not have a thermodynamical satisfying liquid
distribution in the machine. Desired isothermic change of state of the fluid, which would require
the smallest power consumption, is not achieved. Today established machines inject the oil into
the working spaces nearly exclusively through two injection holes. Here the authors examine
different injection variants, in which the oil is injected by nozzles into the suction port of the
compressor. The aim of this method is, a finer atomization of the oil jet and therefore an
extension of surface of the oil drops to improve heat transfer during simultaneous increase of the
contact time between oil and gas.
INTRODUCTION

There are different reasons and mechanisms for injecting oil in wet running screw
compressors [1 ,2]: Cooling, lubrication, limiting sound emission and sealing. In this paper we
want to take a closer look at the effect of optimal cooling. Definitely there is no homogenous oil
distribution inside the compressor [3,4]. The heat transfer as an important thermodynamic
function of the injected oil is only achieved imperfectly in the screw compressor. The reasons for
this fact are of different nature:
+)Conventional compressors do have relatively great cylindrical injection holes. In this case, the
resulting velocity of injection is not sufficient for an atomization of the liquid jet, at best the
jet decomposes into parts. In this case, relatively big droplets emerge after the jet tears off into
wavelike parts.
+)The extremely short contact time between cooling liquid and air. The contact time of both
media during a compression process appears in the time of about one millisecond [5].
In [6], the maximally accessible improvement of the screw compressor coefficient of
efficiency by atomization of the cooling liquid is investigated. In case of [6], the author assumes
a homogeneous droplet distribution with drops in a uniform spherical shape which follow the air
flow in the compressor. The accessible energy gains of compression, on account of the reduced
contact surface and contact time of the two media hardly suffices over the additional energy
demand for the atomization of the liquid. Experiments [7] to inject the oil via several cylindrical
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bores into the working space, led to results that there is no finer separation of oil. Consequently,
no basic improvements occur in the operating conditions of the compressor.
From results in [8] it seems obvious to lead the tests in the direction of finer separation of the
oil jet with simultaneous increase of the contact time between air and oil. Therefore, it should be
examined, to inject the oil into the compressor in a finer way as in the case of conventional
lubrication injection through relatively large bores. This should first be achieved without
supplementary engine power via low pressure atomizer nozzles into the suction port of the
compressor. During the second series of experiments, the oil should be injected in the suction
port in an even finer way than possible through system pressure. Therefor a supplementary direct
connected motor driven hydraulic pump is used. The essential change to the above described
theoretical considerations [6], is to achieve an enlargement of the oil surface during simultaneous
increase of the contact time between the two media, to get a more homogeneous distribution of
the cooling liquid.
1. STRUCTURE OF THE TEST RIG

The screw compressor is driven by a speed controlled DC-motor. A torquemeter between
DC-motor and screw compressor enables the determination of the shaft power of the compressor.
The exact oil mass flow for injection is controlled by a direct connected motor driven hydraulic
pump. The test bed and the measuring equipment are represented more closely in Figure 1.
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Figure 1. Compressor Test Rig
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DC-motor
screw compressor
check valve
oil separator
pressure control valve
vessel
orifice plate

h temperature control valve
heat exchanger (water-oil)
j bypass
k filter
1 pressure limiting valve
m oilpump
n drive of oil pump

Fifteenth International Compressor Engineering Conference at
Purdue University, West Lafayette, IN, USA- July 25-28, 2000

2/2 way valve
3-way tap
p
Tx temperature measurement
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The tests were carried out with a usual screw compressor with the following data at three
different tip speeds:
rotor diameter
number of teeth
tip speed.

D 1 = 106 mm, D 2 = 82 mm
z 1 = 5, ~ === 4
v 1 = 15, 20 and 26 m/s

rotor length
center distance

L=130mm
a=73 mm

The final pressure of compression, the injected oil mass flow, the type of nozzle design, the
positions of the nozzles and the location of the injection are varied.

2. SPRAY SHAPES OF THE USED NOZZLES
Standard low pressure nozzles (hydraulic nozzles), also in operation in different other
technical applications were used. The following two different spray forms can be expected on
account of the nozzle design shown in Figure 2.:
+)Flat spray nozzles: The flat spray nozzle causes a plane or elliptical spray-jet. This jet usually
decomposes itself a few centimeters away from the nozzle opening into individual droplets.
+) Hollow cone nozzles: In the case of this nozzle design, the drop formation arises directly on
the nozzle opening. The created droplets are located at the external edge of the developed
liquid hollow cone.

Figure 2. Flat Spray- (left) and Hollow Cone Spray Nozzle (right)

3. SUCTION PORT INJECTION WITH LOW PRESSURE ATOMIZING NOZZLES
As mentioned above, it is the aim of the suction port injection that the cooling oil can be
distributed more finely and more uniformly in the air to be compressed. Simultaneously it should
come to an essential increase of contact time (approx. 3 times) between oil and gas compared to
the conventional injection method. Smaller oil droplets can follow the air flow more easily and
push less outwards to the rotor casing wall during compression phase on account of their smaller
mass acceleration force. On account of the larger pressure difference between final compression
pressure and oil outlet pressure a higher outlet velocity of the oil jet (compared to conventional
injection method) is achieved. This causes a smaller droplet diameter and an essential
enlargement ofthe oil surface at available oil volume [5]. Figure 3 shows, that there is a strong
increase in oil surface by decreasing droplet diameter in the range smaller than 0.75 mm.
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Figure 3. Surface- Volume Ratio depending on Droplet Diameter

3.1 Droplet- Size and Path
With the data for the used compressor oil and the nozzle openings the minimum speed for
atomization results to c = 20.3 m/s. In the case of a oil volume flow of 20 1/min together with 3
circular openings each of 1.9 mm diameter, the oil outlet velocity results to c = 39.2 m!s. One
receives the required system pressure for spraying through loss-free consideration of Bernoulli
equation: p = 7. 7 bar. Therefore, atomization of oil occurs and the available system pressure is
sufficient for injection. With the equations of [5] the expected mean droplet diameter can be
estimated to ddrop = 2.15 mm, in Figure 3 at the right end of the curve. Consequently, a specific
liquid surface of Aspec = 2.8 m2/dm3 can be determined.
It is to note that the mean droplet diameter is relatively large. So the "life expectancy" of
these droplets will be rather small. The design of the atomizer nozzles let us expect a little less
mean droplet diameter. That means, the jet decomposition is favoured by the nozzle construction.
In comparison to this data, the development of the jet in case of conventional oil injection
through bores is shown for the used compressor:
The two existing bore holes have a diameter of 4 mm each. That yields to an outlet velocity
of the cooling oil of 13.3 m/s in the case of a oil volume flow of 20 1/min. The minimum speed
for these parameters is 13.6 m/s. Consequently, there is no atomization of the cooling oil in case
of conventional injection. This fact is also supported clearly by measurements on the same
compressor in [8]. With the parameters of injection stated above, the droplets are delayed not
until approx. 4 seconds to the air flow speed. This in turn corresponds to a droplet path of about
1500 mm. But the suction path at the used compressor is defined with 200 mm. That means, the
drops will impact on the rotors. So it is to be unnecessary to evaluate the path of the droplets for
the change in flow velocity at the fact of filling the working space.
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3.2 Test Results and Discussion

In the series of tests, the final compression pressure and the specific oil mass flow are varied.
The data of specific shaft power and volumetric efficiency are put in ratio to the data of usual
injection method and displayed as a specific number in Figure 4. The tip speed for the presented
values was 20 m/s, the amount of nozzles and the nozzle bores are selected that way, to receive
maximum oil outlet velocity at given final compression pressure.
1,150

0,950

1,050

Ahc_Sbar

Dhc_10bar

Xfl_Sbar

<>0_10bar

---- ...... - .. --

+-----+----+-7.0

8.0

9.0

··················--···········

+-----+----+----+----+-------l

0,850

10.0

11.0

12.0

7.0

spec. oil flow [1/m"]

8.0

9.0
10.0
spec. oil flow [1/mi

11.0

12.0

indices: he hollow cone spray nozzle, fl flat spray nozzle

Figure 4. Test Results, Nozzle Injection with System Pressure

Between the individual oil spray development which results by use of different types of the
low pressure atomizer nozzles, clear differences can be recognized at the curves of compressor
power demand and volumetric degree of efficiency. The method of injection into the suction port
of the compressor, leads to the desired increase of contact time between air and injected oil. As a
result, there is more liquid in the compressor which must be distributed in total unfavourably and
therefore contributes unwanted to the increase of the hydraulic losses by increased chum losses.
These circumstances increase entropy production at the same specific amount of oil in the
compressor which is perceptible through comparison of the driving power. Volumetric efficiency
shows a decrease of air mass flow, put through the compressor and together with constant
polytropic exponent the required compressor shaft power decreases also. This would mean a
decrease of driving torque in the case of constant rotational speed. Because of the developing
droplet size on the nozzle outlet, apparently we will not find a good mixture with air. It is to be
assumed that shortly after entering the compressor the created droplets merge together to bigger
drops. This can be expected from calculation of the droplet size of injected oil on circular bores
according to [5].
No improvement in compressor characteristics can be achieved with these injection
parameters. In general at all tests carried out, there is a worsening in the results of energy
transformation data compared to conventional injection. Under the circumstances of the
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extension of contact time between cooling oil and air (longer flow path) and less droplet size,
heat transfer compared to conventional injection must be improved. So the disadvantageous
effect of higher power demand for compression must have following reasons:
+) higher turbulence and chum losses through stronger leaking clearances
+)and as a result, heating up of air (increase of entropy).
The reasons for the poor compressor characteristics in case of suction port injection can be
found mainly in the unfavourable oil distribution for sealing the clearances. The following Figure
5 shows the pressure measurement of the working spaces and we can see an apparent waviness of
the pressure curve and a higher working space pressure in case of suction port injection
compared to conventional injection. Both observations permit the presumption, that there is a
very irregular developed sealing of the working spaces (increased waviness of the curve) and due
to this fact a heating up through losses (increased polytropic exponent) must exist.
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Figure 5. Comparison of Working Space Pressure Distribution

Consequently, it docs apparently not succeed to seal the working spaces by this injection
method better than in the case of conventional injection. So, one achieves no gain in compressor
characteristics through the enlargement of the cooling liquid surface and the extension of contact
time between air and oil (interaction sealing-cooling).
4. SUCTION PORT INJECTION WITH ADDITIONAL HIGH PRESSURE PUMP

The followed up idea, is now to further decrease the droplet diameter. This and consequently an
enlargement of the specific liquid surface can be achieved if the cooling oil is injected through
further reduced nozzle openings. The reduction of the nozzle bore diameter requires an increase
in oil injection pressure by given oil volume flow. By the use of a motor driven hydraulic oil
pump, an oil injection pressure up to 100 bar was achieved during the following series of
experiments. The low pressure atomizer nozzles used in this case of injection are also hollow
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cone spray nozzles, which only differ in the nozzle opening diameter. Two nozzles with different
nozzle diameter (2 and 3 mm) were used. The results of calculation of the necessary injection
pressure in the case of loss-free consideration for oil injection and the itself adjusting mean
droplet size are shown in Figure 6.
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Figure 6. Pressure and Droplet Diameter depending on Oil Flow

4.1 Test Results and Discussion

The development of even smaller cooling oil droplets for suction port injection also does not
lead to the expected improvement in energy transformation, compared to conventional injection
method, which could be expected from theoretical point of view. But compared with suction pipe
injection with system pressure an improvement in some ranges of the test results can be detected
through the development of smaller and finer oil drops.
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Figure 7. Test Results, Nozzle Injection with High Pressure

In case of injection with an injection pressure to about 100 bar, only a marginal improvement
in energy transformation of the engine can be achieved. The volumetric degree of efficiency
decreases as expected through the increased heating up of air in the suction port and channel.
However this, disadvantage is compensated by a smaller driving power. Considering the total
energy demand of the screw compressor (driving power and supplementary aggregate power for
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high pressure oil
efficiency.

i~ection),

we see a striking deterioration of the degree of total system

The measurements carried out with flat spray nozzles yield to similar curves, tending to even
higher specific energy demands and reduced volumetric degrees of efficiency. A reason is given
in the fact, that concentration of oil occurs in a very limited space in the suction port (as a result
of the shape of spray) and therefore oil distribution is developing even more unfavourably.
Measurements with different nozzle positionings and varied rotor tip speeds for instance deliver
identical results.
CONCLUSION

In total, there is a clear deterioration of compressor characteristics like specific power
demand and volumetric degree of efficiency compared to the conventional oil injection method
through circular bores. This deterioration appears above the uncertainties and repetitive accuracy
of measurements. Obviously the conventional injection method with its compact oil jet of a
relatively large diameter (4 mm) directed to the discharge end of the compressor supplies the best
sealing of compressor clearances. The energy gains yielded through heat transfer are more than
destroyed by the leakage losses. Experiments are going on with other methods of injection and
other injection liquids, bearing the attained results in mind.
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